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ABSTRACT
The discovery of ’Oumuamua (1I/2017 U1), the first interstellar interloper, suggests an abundance
of free-floating small bodies whose ejection into galactic space cannot be explained by the current
population of confirmed exoplanets. Shortly after ’Oumuamua’s discovery, observational results from
the DSHARP survey illustrated the near-ubiquity of ring/gap substructures within protoplanetary
disks, strongly suggesting the existence of a vast population of as-yet undetected wide-separation
planets that are capable of efficiently ejecting debris from their environments. These planets have a & 5
au and masses of order Neptune’s or larger, and they may accompany ∼50% of newly formed stars
(Zhang et al. 2018). We combine the DSHARP results with statistical constraints from current time-
domain surveys to quantify the population of detectable icy planetesimals ejected by disk-embedded
giant planets through gravity assists. Assessment of the expected statistical distribution of interstellar
objects is critical to accurately plan for and interpret future detections. We show that the number
density of interstellar objects implied by ’Oumuamua is consistent with ’Oumuamua itself having
originated as an icy planetesimal ejected from a DSHARP-type system via gravity assists, with the
caveat that ’Oumuamua’s lack of observed outgassing remains in strong tension with a cometary origin.
Under this interpretation, ’Oumuamua’s detection points towards a large number of long-period giant
planets in extrasolar systems, supporting the hypothesis that the observed gaps in protoplanetary disks
are carved by planets. In the case that ’Oumuamua is an ejected cometary planetesimal, we conclude
that LSST should detect up to a few interstellar objects per year of ’Oumuamua’s size or larger and
over 100 yr−1 for objects with r > 1 m.
Keywords: minor planets, asteroids: individual (’Oumuamua) — planet-disk interactions — planets
and satellites: gaseous planets — protoplanetary disks
1. INTRODUCTION
In October 2017, 1I/2017 U1, now ’Oumuamua, was
identified by the Panoramic Survey Telescope and Rapid
Response System (Chambers et al. 2016, Pan-STARRS)
as the first interstellar interloper observed traversing the
solar system (Meech et al. 2017). ’Oumuamua’s mea-
sured eccentricity e = 1.1956± 0.0006 places its trajec-
tory firmly in the regime of hyperbolic orbits. It was on
its way out of the solar system with heliocentric distance
dH = 1.22 au upon its discovery, having passed perihe-
lion with dH = 0.25 au at closest approach (Meech et al.
2017). There is no clear consensus about the exact na-
ture of ’Oumuamua, due in part to the short window of
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observability after its discovery and the corresponding
sparsity of data, as well as the seemingly conflicting lines
of evidence that have since emerged (Sekanina 2019).
Following the detection of ’Oumuamua, several au-
thors estimated occurrence rates for analogous inter-
stellar objects (hereafter, ISOs) free-floating in galac-
tic space, with all estimates falling within the range
n ≈ 0.004− 0.24 au−3 deduced by Portegies Zwart et al.
(2018)). Assuming a cylindrical galaxy with 1011 stars,
R = 3×104 pc and H = 103 pc as in Laughlin & Batygin
(2017), even the most conservative of these estimates,
n ≈ 0.004 au−3, results in at minimum 0.36M⊕ of free-
floating material per star, while the highest estimate
n ≈ 0.24 au−3 implies over 20M⊕ per star. Throughout
this work, we adopt the fiducial estimate n = 0.2 au−3
from Do et al. (2018), which carefully incorporates the
volume probed by Pan-STARRS to provide the most
robust estimate to date.
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’Oumuamua’s detection appears to require a high den-
sity of material ejected into interstellar space, though
both the ejection mechanism and the origins of the body
remain under debate (e.g. Bannister et al. 2019). No
coma, nor any cometary molecular emission bands, was
detected in association with ’Oumuamua (Meech et al.
2017; Trilling et al. 2018). Micheli et al. (2018), how-
ever, found that ’Oumuamua accelerated out of the solar
system at a rate that could not be explained by gravi-
tational forces alone, suggesting a cometary nature with
acceleration induced by out-gassing.
Icy material is ejected from stellar systems during
multiple evolutionary stages. Early on, close interac-
tions between stars forming in open clusters can liberate
icy planetesimals from their circumstellar disks (Hands
et al. 2019). Later, after giant planets have formed in
the system, debris is ejected through dynamical interac-
tions with these planets (e.g. Barclay et al. 2017; Ray-
mond et al. 2018). Much of a star’s enveloping Oort
cloud is ultimately shed during the post-main-sequence
stage of a star’s lifetime (e.g. Veras et al. 2011; Do et al.
2018; Torres et al. 2019), releasing further volatile-rich
material.
In this paper, we quantify the rate of icy planetesimal
ejection induced by gravity assists from circumstellar
planets, with the aim of setting expectations for future
observations from the Large Synoptic Survey Telescope
(LSST; Abell et al. 2009). This exercise is critical to ac-
curately assess the arrival prospects for future interstel-
lar objects, each of which provides a uniquely valuable
window into the nature of other planetary systems.
To accomplish this, we study planetesimal ejection
rates from the long-period giant planet population
suggested by the Disk Substructures at High Angu-
lar Resolution Project (DSHARP; Andrews et al. 2018),
which surveyed 20 nearby protoplanetary disks at high
resolution using the Atacama Large Millimeter Array
(ALMA). Considering the case in which ’Oumuamua
stems from the population of ejected volatile-rich plan-
etesimals, we show that gravity assists by long-period
giant planets are capable of reproducing the number
density of interstellar asteroids implied by the detection
of ’Oumuamua. We use our results to predict the de-
tection rate by LSST for ISOs produced through this
channel.
Moro-Mart´ın (2018) previously used multi-component
power law models to explore a wide range of possible
ISO size distributions consistent with ’Oumuamua’s ap-
pearance. Our estimates build on this previous work in
several ways:
• Moro-Mart´ın (2018) adopted relatively low giant
planet occurrence rates (fpl = 0.2 for A-K2 stars
and fpl = 0.03 for K2-M stars) based on radial
velocity measurements probing planets with semi-
major axes a . 3 au. The DSHARP survey,
however, suggests an abundance of giant planets
(fpl ∼ 0.5) at wider separation a & 5 au. We
focus on these long-period planets, which are sub-
stantially more effective planetesimal ejectors than
their shorter-period counterparts.
• Changes in the boundaries of a size distribution
(rmin and rmax) can dramatically alter the result-
ing fit. In Moro-Mart´ın (2018), these boundaries
were set as constant values rmin = 1000 km and
rmin = 1µm, motivated by solar system models.
We include no assumptions for the value of rmin
and leave rmax as a free parameter within our mod-
els. We thus avoid assumptions about the degree
of similarity between the size distributions of solar
system KBOs and free-floating ISOs, which may
originate from a range of collisional histories that
do not necessarily resemble that of the Kuiper belt.
• Lastly, Moro-Mart´ın (2018) assumes that 100%
of solid circumstellar material around single stars
and wide binaries is ejected. We instead perform
N-body simulations of several representative sys-
tems from the DSHARP survey to deduce the ex-
pected mass of ejected material.
We present our simulation setup in Section 2 and sub-
sequent results in Section 3, including our final range of
possible power law solutions. We then discuss implica-
tions of our findings for future detections in Section 4
and sources of uncertainty in Section 5 prior to conclud-
ing.
2. METHODS
2.1. Planets as Interstellar Comet Ejectors
Ejection of planetesimals is a natural outcome of close
encounters with Jupiter, as observed in N -body simula-
tions of early solar system evolution (e.g. O’Brien et al.
2006; Levison et al. 2009). Yet, not all planets are capa-
ble of efficiently ejecting material from their circumstel-
lar systems. To readily expel material through gravity
assists, a planet must have Safronov number Θ & 1,
with Θ given by
Θ =
v2esc
v2orb
=
Mpa
RpM∗
. (1)
Here, Mp, Rp, and a are the mass, radius, and semi-
major axis of a planet, respectively, while M∗ is the
mass of the host star. Notably, hot Jupiters and super
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Earths cannot efficiently eject material from their sys-
tems. Long-period (a & 5 au) planets of Neptune’s mass
or greater are the most effective ejectors; these planets,
however, lie in a region of parameter space that is heavily
disfavored by the detection biases of the transit and ra-
dial velocity (RV) methods. Direct imaging results show
that occurrence rates for giant planets with orbital sepa-
ration 10−100 au are low, at 9+5−4% between 5−13MJup
(Nielsen et al. 2019), indicating that the primary plane-
tary ejectors may be less massive than the current direct
imaging detection limits and/or lie within ∼ 10 au of the
host star.
Recently, a candidate population of such planets was
inferred by Zhang et al. (2018) using results from
DSHARP. Disk substructures were near-universally
found in the DSHARP sample, where axisymmetric
gaps and rings are most common. The DSHARP sample
is biased towards relatively large disks around massive
stars; however, gaps and rings at comparable radii have
also been identified in samples more representative of
the average protoplanetary disk population (e.g. Long
et al. 2018), suggesting that they may be prevalent
among the underlying population. Although these sub-
structures could be induced by a number of mechanisms,
mounting evidence for planetary companions in similar
systems (e.g. PDS 70; Haffert et al. 2019) favors the hy-
pothesis that the substructures in the DSHARP sample
are caused by planets. Recent kinematic detections also
point towards the presence of planets at radial locations
coincident with observed gaps in protoplanetary disks
(Pinte et al. 2019), further strengthening the case that
some of the observed substructures are indeed induced
by planets.
Consequently, the DSHARP sample suggests a ∼ 50%
occurrence rate for giant planets with masses between
∼MNep and a few MJup orbiting their host stars at sep-
aration a & 5 au (Zhang et al. 2018). This abundance of
long-period giant planets is roughly in agreement with
previous results from Bryan et al. (2016), which com-
bined Keck RV measurements with NIRC2 adaptive op-
tics imaging to obtain an occurrence rate of 52± 5% for
planets with M = 1 − 20MJup and a = 5 − 20 au. An
abundance of Neptune-mass planets is also supported
by microlensing results, which find a peak in planet oc-
currence rates at planet-to-star mass ratio q ∼ 10−4,
corresponding to roughly 20M⊕, or 1.2 MNep, for typi-
cal host star mass ∼ 0.6M (Suzuki et al. 2016).
2.2. Simulation Setup
To determine how this planet population connects
to the population of interstellar asteroids, we complete
a detailed assessment of mass ejection rates in three
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Figure 1. Initial distribution of dust particle semimajor
axes for each disk in our sample. AS 209 is shown in gray,
HD 143006 in blue, and HD 163296 in purple.
DSHARP disk systems with clear radial gaps – HD
143006, AS 209, and HD 163296 – using the REBOUND
orbital integrator (Rein & Liu 2012). We adopt host
star masses and radial planet positions from Table 3 of
Zhang et al. (2018). For each predicted planet, Zhang
et al. (2018) reports several masses derived with vary-
ing assumptions for the disk dust size distribution and
α viscosity parameter. Because these model parame-
ters are not well-constrained, we randomly assign the
mass of each planet from the range [Mmin,Mmax], where
Mmin and Mmax are the minimum and maximum de-
rived masses, respectively. In accordance with results
from Zhang et al. (2018), the HD 143006 and AS 209
systems each include 2 planets, while the HD 163296
system includes 3 planets.
We focus on the millimeter-sized dust population in
our simulations, since dust masses in this size regime
are relatively well-constrained by ALMA. We estimate
the total mm dust mass Mdust of each disk using the
relation
log(Mdust/M⊕) = 1.3 × log(M∗/M) + 1.1 (2)
derived in Pascucci et al. (2016), where M∗ is the mass
of the host star. This derivation is based on the 887
µm flux measured from observations of the Chamaeleon
I star-forming region, with bandwidth spanning 867 −
917µm. Thus, the dust masses in our simulations rep-
resent only the subset of grains with radii in this size
range.
To reproduce the dust mass distribution in each sys-
tem, we initialize 3500 equal-mass test particles radially
distributed using the semimajor axis probability distri-
butions depicted in Figure 1. These distributions are
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based on radially symmetric best-fitting models consist-
ing of several superposed Gaussians for each disk, with
parameters for AS 209, HD 163296, and HD 143006
given in Guzma´n et al. (2018), Isella et al. (2018), and
Pe´rez et al. (2018), respectively. Each planetesimal is
initialized with orbital elements
Ω = ω = 0
f ∈ [−pi, +pi]
i ∈ [0.0005, 0.005]
e ∈ [0.04, 0.06]
where all angles are in radians. We initialize each of
our three disk-star-planet systems in three iterations
each with a different random seed, resulting in a total
of nine simulations with varying planet masses, orbital
elements, and initial dust particle placements. We inte-
grate each of these systems for one week on the Grace
supercomputing cluster at Yale University.
3. RESULTS
To encapsulate the typical behavior of all systems, we
find the average mm mass mej ejected by each star as
a function of time t for all nine simulations, with our
results displayed in Figure 2. The resulting curve, rep-
resenting the total mass of all particles with a formally
positive energy relative to the host star, is well-fit by
exponential function
mej = a log10 t+ b, (3)
with a = 0.468 and b = −2.274. Using this profile,
we extend our results to t = 108 yr, at which point
mej = 1.47M⊕. We take this as the representative mm-
sized dust mass ejected by each giant-planet-hosting star
throughout its main-sequence lifetime, selecting a rela-
tively late time t to compensate for mass ejected prior
to the gas-clearing phase in each system. Adopting a
50% occurrence rate for this population of planets, we
approximate that the average rate of mm-sized planetes-
imal ejection is 0.74M⊕ star−1.
In order to connect the mass ejected per star to an
ISO spatial number density n, we must first determine
the background stellar number density n∗. We adopt
the local midplane stellar mass density ρ∗ = 0.043 ±
0.004M pc−3 found in McKee et al. (2015), then esti-
mate the average stellar mass in the solar neighborhood
using the sample of 75 known stars (including brown
dwarfs) within 5 pc of the Sun. For stars without mea-
sured masses, we apply the piecewise mass-luminosity
relation from Eker et al. (2015). We obtain an average
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Figure 2. Average mass ejected as a function of time for all
disks in our sample.
stellar mass M ∼ 0.35M, which translates to stellar
number density n∗ ≈ 0.12 stars pc−3.
Combining n∗ with our average planetesimal mass
ejection rate per star, we find projected ISO mass den-
sity ρISO ∼ 0.09M⊕ pc−3 free-floating in space. This
means that, for number density distribution dn/dr with
boundaries rmin,obs = 867µm and rmax,obs = 917µm,∫ rmax,obs
rmin,obs
dn
dr
m(r)dr = 0.09M⊕ pc−3. (4)
We use m(r) = 43pir
3ρ with ρ = 1 g cm−3 and fit dn/dr
with a power law radius distribution of the form
dn
dr
= Cr−q, (5)
where q is the power law index and C is constant. We
interpret previous estimates of n obtained from the de-
tection rate implied by ’Oumuamua as n(r & rO) where
rO is ’Oumuamua’s effective radius, since larger ISOs
would also be detectable when passing through the so-
lar system at ’Oumuamua’s distance. Equivalently,∫ rmax
rO
dn
dr
dr = n. (6)
Combining and integrating Equations 4, 5, and 6, we
parameterize our solution space with the function
f =
4
3
piρn
( 1
0.09M⊕ pc−3
)(1− q
4− q
)[ r4−qmax,obs − r4−qmin,obs
r1−qmax − r1−qO
]
,
which is equal to unity when Equations 4, 5, and 6 are
simultaneously satisfied. Using f , we solve for power
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Figure 3. Solutions to the power law index q as a function of
rmax for the full range of n estimates given in Portegies Zwart
et al. (2018). The Do et al. (2018) estimate n = 0.2 au−3
is indicated with a dotted line. The purple slice of solutions
at rmax = 10
6 cm displays the cross-section corresponding to
Figure 4.
law indices q over a range of rmax, with rO = 55 m from
Jewitt et al. (2017).
The resulting solutions are displayed in Figure 3, indi-
cating that, for a given n, our power law solutions are ro-
bust to changes in rmax for an ISO distribution in which
rmax 6≈ rO. We take a vertical slice through Figure 3 at
rmax = 10
6 cm to display q as a function of n in Figure
4. Ultimately, we find that high power law indices q > 4
are required to fit both the n values implied by ’Oumua-
mua and our simulated mass ejection rates. Adopting
q = 4.09, this distribution corresponds to a total mass
of ejected ISO material ∼ 24M⊕ per DSHARP-type sys-
tem for ISOs in the size range 10−3 cm ≤ r ≤ 106 cm.
Another potential constraint for this distribution
is the number density nCNEOS = 10
6+0.75−1.5 au−3 of
rCNEOS & 0.45 m interstellar objects implied by the
candidate interstellar meteor identified from the Center
for Near-Earth Object Studies (CNEOS) bolide cata-
log in Siraj & Loeb (2019). We note that Devillepoix
et al. (2018) reported that the United States govern-
ment sensors used to discover this object are generally
unreliable for orbit calculations. We include the can-
didate CNEOS meteor for completeness and primarily
focus on determining whether the object is consistent
with our analysis up to this point. If the CNEOS me-
teor originates from the same underlying distribution as
’Oumuamua, it would require
∫ rmax
rCNEOS
dn
dr
dr = nCNEOS. (7)
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Figure 4. Power law solutions q shown as a function of n.
Here, we set rmax = 10 km, noting that q varies little with
changes in rmax (see Figure 3). The dot-dashed blue line
denotes the solution where n = 0.2 au−3.
Adopting q = 4.09, corresponding to n = 0.2 au−3
from Do et al. (2018), we obtain number density n =
5.63 × 105 au−3 for objects with rCNEOS ≤ r ≤ rmax.
This value is firmly within the error bars for nCNEOS
from Siraj & Loeb (2019), indicating that our results are
consistent with those implied by the candidate CNEOS
meteor.
4. OBSERVABILITY WITH LSST
Although the first ISO was not confirmed until 2017,
anticipative estimates for the detectability of such ob-
jects have been made on several earlier occasions. To
account for the prior non-detection of ISOs, early as-
sessments predicted an interstellar comet number den-
sity n ∼ 1013 pc−3 for objects with r ≥ 1 km (McG-
lynn & Chapman 1989). Later, Jewitt (2003) projected
that, if all stars eject 1013 comets with r ≥ 1 km, ap-
proximately 0.3 such interstellar interlopers should pass
within 5 au of the sun – the approximate detection limit
of Pan-STARRS – each year.
Moro-Mart´ın et al. (2009) followed up this study by
calculating the expected detection rate by LSST of in-
active extrasolar comets passing through the solar sys-
tem at distances greater than 5 au. They found that
the probability of LSST detecting an inactive interloper
during its 10-year lifetime is∼ 0.01%−1%, and they ulti-
mately concluded that LSST will likely not observe even
one such object. Cook et al. (2016) then updated prior
estimates by numerically simulating the detectability of
interstellar asteroids within 5 au of the sun, concluding
that an optimistic estimate would result in 1 interstellar
object detected during LSST’s lifetime. Since ’Oumua-
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mua’s discovery with Pan-STARRS, Trilling et al. (2017)
used a scaling argument to project that the detection
rate of analogous interlopers will increase from 0.2 yr−1
with Pan-STARRS to 1 yr−1 with the advent of LSST.
Leveraging the power law radius distributions ob-
tained in Section 3, we independently estimate the ex-
pected detection rate by LSST for protostellar disk-
ejected ISOs. Adopting single-frame magnitude limit
mLSST ∼ 24 (LSST Science Collaboration et al. 2009)
and cometary geometric albedo pV = 0.04 (Lamy et al.
2004), we calculate the smallest ISO radius observable
with LSST at a given distance d, given in au, using
rmin,LSST =
1 au√
pv
10
1
5 (m−H) (8)
H = mLSST − 5 log10 d, (9)
where m = −26.74 is the magnitude of the Sun and H
is the absolute magnitude of the ISO. Our calculation
implicitly assumes that all ISOs are observed at opposi-
tion; however, in practice the solar angle and frequency
of sky coverage will also play an important role in the
final ISO detection rate, meaning that our rates should
be treated as upper limits.
At each of 105 evenly spaced circular annuli around
the Earth, from 0−40 au, we sum over the number den-
sity profile from rmin,LSST to rmax to obtain the total ob-
servable ISO number density nISO within that annulus.
Combining nISO with the surface area of each annulus
σ, we calculate the total detection rate of ISOs as
R =
∑
nISOσv, (10)
summing over all annuli. We take ’Oumuamua’s velocity
at infinity, 26 km/s (Mamajek 2017), as our representa-
tive v. Completing this calculation with reference mini-
mum radius thresholds r > 1 m, r > 10 m, and r > 55 m,
we obtain the results outlined in Figure 5.
We find that, if ’Oumuamua is an ejected cometary
planetesimal drawn from an isotropic power law distri-
bution, LSST will find several ISOs each year of ’Oumua-
mua’s size or larger, as well as up to hundreds of ISOs
per year with r > 1 m.
5. SOURCES OF UNCERTAINTY
Zhu et al. (2019) recently found that protoplanetary
disk masses may be heavily underestimated due to the
assumption that the disks are optically thin. As a result,
in the case that these disks are optically thick, our mm
mass ejection rates may be underestimated, leading to
an underestimate in the power law slope.
However, it may instead be the case that our disk
masses are overestimated. Our three sample disks are lo-
cated around relatively massive stars (0.83M, 1.78M,
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Figure 5. LSST detection rates as a function of n for min-
imum object radii 1 m, 10 m, and rO = 55 m.
and 2.04M for AS 209, HD 143006, and HD 163296,
respectively), meaning that treating these systems as
‘typical’ may instead lead to an overestimate of the to-
tal mass of ejected material. This would accordingly
correspond to an overestimate of the LSST detection
rate, particularly on the lower end of the ISO size dis-
tribution.
Furthermore, the number density of ISOs, n, may be
locally enhanced at the present time due to the Sun’s
current proximity to the Galactic midplane: z ∼ 17±5
pc (Karim & Mamajek 2016), as compared to its maxi-
mum height above the midplane 49− 93 pc (Bahcall &
Bahcall 1985). If the Sun is currently passing through a
low-dispersion, ‘cold’ population of ISOs, the apparent
number density as observed from the solar system may
be higher than the bulk average density throughout the
Galaxy. Because we do not yet have strong constraints
on the scale height of ISOs, we cannot rule out this possi-
bility, which suggests that the true n may be lower than
most current estimates. This could result in a steeper
power law size distribution and a correspondingly lower
LSST detection rate for large ISOs.
It is also quite possible that the distribution of inter-
stellar comets does not follow a simple power law. Moro-
Mart´ın (2018), after sampling a wide range of possible
models, finds that ’Oumuamua is likely not representa-
tive of an isotropic background population. Though our
present model is already overconstrained and therefore
does not warrant the inclusion of additional free param-
eters, we acknowledge that a power law fit may not fully
capture the true characteristics of the ejected ISO pop-
ulation. We may be overestimating the number density
of large ISOs if, for example, the collisional evolution of
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solid material in extrasolar systems typically grinds the
vast majority of larger bodies into dust prior to ejection.
Lastly, the detection rates reported in Section 4 may
be modestly increased by gravitational focusing and
comet brightening from passage near the sun, each of
which enhances observability of the ISO population.
6. CONCLUSIONS
The discovery of the first interstellar interloper,
’Oumuamua, has already provided exceptional insight
to inform our understanding of planetary systems while
simultaneously presenting new puzzles. In our work, we
have reconciled simulations of the observed DSHARP
planet-disk systems with the detection of ’Oumuamua
to constrain the range of possible size distributions for
interstellar objects ejected through interactions with
circumstellar giant planets. We conclude that the pop-
ulation of long-period giant planets suggested by the
DSHARP sample is capable of ejecting the population
of free-floating planetesimals implied by ’Oumuamua’s
detection. Furthermore, ’Oumuamua is consistent with
an origin within a population of ISOs following a single
power law radius distribution, resulting in an antic-
ipated LSST detection rate ranging from just a few
detections per year for ’Oumuamua-sized ISOs to over
100 yr−1 for ISOs with r > 1 m. Future observations
of interstellar objects hold tremendous potential to an-
swer long-standing questions about not only the range
of processes taking place in extrasolar systems, but also
the population statistics of long-period giant exoplanets,
the diversity of small-body populations throughout the
Galaxy, and the evolutionary path of the solar system
itself.
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